Many independent lines of evidence indicate that the lactose permease of Escherichia coli (LacY) is highly dynamic and that sugar binding causes closing of a large inward-facing cavity with opening of a wide outward-facing hydrophilic cavity. Therefore, lactose/H + symport catalyzed by LacY very likely involves a global conformational change that allows alternating access of single sugar-and H + -binding sites to either side of the membrane (the alternating access model). The x-ray crystal structures of LacY, as well as the majority of spectroscopic studies, use purified protein in detergent micelles. By using site-directed alkylation, we now demonstrate that sugar binding induces virtually the same global conformational change in LacY whether the protein is in the native bacterial membrane or is solubilized and purified in detergent. The results also indicate that the x-ray crystal structure reflects the structure of wild-type LacY in the native membrane in the absence of sugar.
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lactose | permease | symport | transport | membrane proteins T he lactose permease of Escherichia coli (LacY), a paradigm for the Major Facilitator Superfamily of membrane transport proteins, has been solubilized, purified, and reconstituted into proteoliopsomes in a fully functional state (1) . X-ray crystal structures of a conformationally restricted mutant (2-7) have been solved in an inward-facing conformation (8, 9) , and the crystal structure of wildtype LacY exhibits the same conformation (10, 11) . Both structures have 12 transmembrane α-helices, most of which are shaped irregularly, organized into two pseudosymmetrical six-helix bundles surrounding a large interior hydrophilic cavity open only to the cytoplasm (Fig. 1) . The sugar-binding site and the residues involved in H + translocation are at the approximate middle of the molecule and are distributed so that the side chains important for sugar recognition are predominantly in the N-terminal helix bundle, and the side chains that form an H + -binding site are mainly in the C-terminal bundle (12) . The periplasmic side of LacY is tightly packed, and the sugar-binding site is inaccessible from that side of the molecule.
Wild-type LacY is highly dynamic. Hydrogen/deuterium exchange of backbone amide protons in wild-type LacY occurs at rapid rate (13) (14) (15) , and sugar binding is entropic (5), inducing widespread conformational changes (reviewed in refs. [16] [17] [18] . More specifically, site-directed alkylation (reviewed in refs. [19] [20] [21] , single-molecule fluorescence resonance energy transfer (6), double electron-electron resonance (7), site-directed cross-linking (22) , and, most recently, tryptophan-quenching studies (23) each provide independent evidence that sugar binding increases the open probability of a sizeable hydrophilic cleft on the periplasmic side of LacY and closing of the cytoplasmic cavity. Furthermore, the periplasmic cleft must close, as well as open, for translocation of sugar across the membrane to occur (22, 24, 25) . Notably, in the conformationally restricted mutant C154G LacY, the periplasmic cleft is paralyzed in an open conformation (6, 7, 21) . However, all x-ray structures of LacY (C154G, as well as wildtype LacY) exhibit the same inward-facing conformation. Therefore, it is likely that the crystallization process selects a single conformer of LacY that is in the lowest free-energy state.
In studies described here, site-directed alkylation with the hydrophobic, membrane-permeant thiol reagent tetramethylrhodamine-5-maleimide (TMRM) (20, 21, 26) was used to examine the reactivity/accessibility of 10 strategically placed single-Cys LacY mutants (five on the periplasmic side of the sugar-binding site and five on the cytoplasmic side) (Fig. 1) . The studies were carried out with right-side-out (RSO) membrane vesicles or with LacY solubilized and purified in n-dodecyl β-D-maltopyranoside (DDM). As shown previously with RSO membrane vesicles (reviewed in refs. [19] [20] [21] , ligand binding increases the rate of TMRM labeling of the five single-Cys replacements on the periplasmic side and decreases the rate of labeling of the five mutants on the cytoplasmic side. Of great importance, as shown here, purified LacY in DDM exhibits essentially the same behavior. The results indicate strongly that purified wild-type LacY in DDM micelles has much the same inward-facing conformation as in the native bacterial membrane, as well as in the crystal structure. Moreover, sugar binding induces a similar change to an outward-open conformation both with purified LacY in DDM and with LacY embedded in the native bacterial membrane.
Results
N245C Single-Cys LacY. As shown (20, 27) , the reactivity/accessibility of single-Cys N245C, located at the periplasmic gate of LacY ( Fig. 1) , is very low in the absence of β-D-galactopyranosyl 1-thio-β-D-galactopyranoside (TDG) (Fig. 2 A and B) . However, preincubation with TDG increases TMRM labeling by ∼15-fold ( Fig.  2 A and B and Table 1 ). The rate increases linearly for ∼15-20 s and then slackens. When TDG and TMRM are added simultaneously, the rate of labeling also increases, but only by ∼7-fold ( Fig. 2 A and B) , and the effect of preincubation with TDG is unaltered by the presence of valinomycin and nigericin. Addition of 2.0% DDM to the membrane vesicles has little or no effect on TMRM labeling, but the effect of preincubation with TDG is abolished ( Fig. 2 C and D) . Moreover, when single-Cys N245C LacY is purified and subjected to the same labeling protocol, the observations are indistinguishable from those obtained with membrane vesicles in the presence of DDM ( Fig. 2 E and F) . That is, TMRM labeling is hardly detectable in the absence of TDG, and addition of TDG with or without preincubation increases the labeling rate by ∼15-fold (Table 1) .
S67C Single-Cys LacY. In contrast to N245C LacY, TMRM labeling of single-Cys S67C, located on the cytoplasmic side of the sugarbinding site, is rapid both in RSO membrane vesicles and with the purified protein in the absence of sugar ( Fig. 3 A-C) . Moreover, TDG now inhibits the rate of TMRM labeling by ∼15-fold in RSO membrane vesicles and ∼8-fold with the purified protein ( Fig. 3 A-C and Table 1 ). When either the intact vesicles or purified S67C LacY are preincubated with TDG before addition of TMRM, labeling is abolished almost completely. However, when the sugar and the alkylating reagent are added simultaneously, the labeling rate of the mutant in RSO vesicles is inhibited only partially ( Fig. 3 A and B) . With purified protein in DDM, the same low rate of labeling is observed with or without preincubation with TDG ( Fig. 3 A and C) . Thus, TDG is readily accessible to the sugar-binding site with purified LacY in DDM but is significantly less accessible with intact RSO membrane vesicles.
Other Periplasmic Single-Cys Mutants. TMRM labeling of periplasmic single-Cys LacY mutants P31C, K42C, D44C, Q242C, and N245C (Figs. 1 and 4) was carried out both in RSO membrane vesicles and with purified proteins in DDM without or with TDG. The rate of TMRM labeling of each mutant is linear for at least 20 s, and TDG increases the rate in RSO membrane vesicles by ∼5-to ∼15-fold and with the purified protein in DDM by ∼3-to ∼9-fold, depending upon the mutant (Fig. 4 and Table 1 ). The results indicate that in both RSO membrane vesicles and in DDM, there is a low probability of opening of the periplasmic cleft in the absence of sugar and that TDG binding induces opening.
Other Cytoplasmic Single-Cys Mutants. As expected, rates of alkylation of single-Cys mutants on the cytoplasmic side of the sugarbinding site exhibit the opposite behavior. Thus, the rate of TMRM labeling of single-Cys LacY mutants Q60C, A279C, L329C, and TMRM (E and F), for the times indicated at 0°C in the absence of sugar (−TDG; blue ◆), were preincubated with TDG (+TDG) for 10 min before addition of TMRM (green ▲), or TMRM and TDG were added simultaneously [+(TDG+TMRM); pink ■]. Samples then were subjected to minipurification with monovalent avidin, and the TMRM-labeled proteins were subjected to SDS/PAGE and assayed for fluorescence (lanes above dotted lines) and protein (lanes below dotted lines). The data then were treated semiquantitatively as described in Experimental Procedures by setting the 60-s point in the presence of TDG to 100%. Although not shown in A or B, when valinomycin (10 μM, final concentration) and nigericin (0.1 μM, final concentration) were added, no significant deviation from the pink curve (pink ■) shown in A was observed.
V331C is decreased upon TDG binding both with RSO membrane vesicles (∼3-to ∼15-fold) and with the purified mutant proteins in DDM (∼3-to ∼8-fold), depending upon the mutant (Fig. 5 and Table 1 ). Thus, LacY in the native bacterial membrane or as the purified protein in DDM is in an inward-open conformation in the absence of sugar, and sugar binding induces closing of the cytoplasmic cavity.
Discussion
In this study, a simple but sensitive alkylation method with a fluorescent thiol reagent (20, 21, 26 ) was used to examine the effect of sugar binding on alkylation of single-Cys LacY mutants in RSO membrane vesicles or with purified proteins in DDM micelles. The experiments were carried out at 0°C, where thermal motion is restricted (27) (28) (29) and linear rates of labeling are readily obtained. TMRM labeling at 0°C is almost negligible with LacY containing each of five single-Cys residues at positions on the periplasmic side of the sugar-binding site in RSO membrane vesicles or with purified protein in DDM micelles (Figs. 2  and 4 and Table 1 ). Therefore, each of these single-Cys replacements is unreactive and/or inaccessible to the alkylating agent. Although data are not shown, similar but less marked effects of TDG on TMRM labeling are observed at room temperature, caused primarily by increased rates of labeling in the absence of sugar. The observations are consistent with the interpretation that LacY in the native bacterial membrane is in a conformation similar to that of the x-ray crystal structures in the absence of ligand. The periplasmic side is tightly closed, and an open cavity is present facing the cytoplasm in this inwardfacing conformation (8, 9, 11) .
As stipulated by the alternating access model, on the cytoplasmic side of the sugar-binding site each of five single-Cys replacement mutants labels at a rapid rate in the absence of TDG both in RSO membrane vesicles and with purified protein in DDM. Moreover, TDG decreases the rate of TMRM labeling either in the membrane or with purified protein in DDM (Figs. 3 and 5 and Table 1 ). The findings agree with a variety of other measurements (6, 7, 19, 22, 23) , showing that sugar binding induces closing of the cytoplasmic cavity and reduced reactivity/ accessibility to alkylating agents.
The average increase in TMRM labeling observed in the presence of TDG in RSO vesicles is ∼10-fold, and the average decrease in the presence of TDG is very similar (∼9-fold) ( Table 1) . With purified single-Cys proteins in DDM, the comparable averages are ∼6-fold and ∼5-fold, respectively. Thus, the change in TMRM labeling induced by sugar on opposite faces of LacY appears to be about the same in RSO vesicles or with the purified single-Cys mutants in DDM. Therefore, the data provide further evidence not only that sugar binding markedly increases the open probability on the periplasmic side but also that sugar binding increases the probability of closing on the inside, the implication being that . Purified proteins were subjected to SDS/PAGE; fluorescent and silver-stained protein bands were measured as described in Fig. 2 and Experimental Procedures. The data are plotted relative to the 20-s points in the absence of TDG. Blue ◆, no sugar added; green ▲, preincubated with TDG before addition of TMRM; pink ■, TDG and TMRM added simultaneously. Rates of TMRM labeling were obtained from the time courses shown in Figs. 3-5 as described in Experimental Procedures. For each mutant, the ratio of the estimated initial rate of TMRM labeling in the presence of TDG relative to that observed in the absence of TDG was calculated. Positive numbers indicate an increase in the relative labeling rate caused by the addition of TDG (periplasmic) , and negative numbers indicate a decrease in the relative labeling rate caused by the addition of TDG (cytoplasmic).
opening and closing may be reciprocal. However, reciprocity may not be obligatory, because evidence has been presented showing that the periplasmic pathway is fixed in an open conformation in the C154G mutant, whereas the cytoplasmic cavity is able to close and open (6, 7, 21) . In addition, it has been demonstrated recently (25) that replacement of aspartate 68 with glutamic acid at the cytoplasmic end of helix II blocks sugar-induced opening of the periplasmic cleft but has little or no effect on closing of the cytoplasmic cavity.
Although the sugar-induced changes in the global conformation of LacY are qualitatively similar in RSO membrane vesicles and with the purified mutants in DDM, it is notable that that the magnitude of the effects is somewhat smaller with the purified proteins. Thus, the increases and decreases in TMRM labeling observed with the purified proteins upon addition of TDG are on average ∼60% of those observed with RSO membrane vesicles. This difference is not surprising, because it is known that a lipid bilayer (30) and its composition (31) are important constraints on the structure of LacY.
Maximum effects of sugar on labeling of the single-Cys mutants in RSO membrane vesicles are observed when the vesicles are preincubated with TDG before addition of TMRM. When both reagents are added simultaneously to either N245C (periplasmic) or S67C (cytoplasmic) LacY, the effect of sugar on labeling is decreased [i.e., TDG causes slower labeling with N245C ( Fig. 2A) and more rapid labeling with S67C (Fig. 3A) ]. The effect of preincubation with both mutants likely reflects a delay in the time needed for TDG to gain access to the sugar-binding site, which is open only to the cytoplasmic side in RSO vesicles. Support for this interpretation is provided by the observations that the effect of preincubation is abrogated either when DDM is added to the vesicles or with protein purified in DDM. Furthermore, with the N245C mutant in RSO membrane vesicles, valinomycin and nigericin do not alter the effect of preincubation with TDG. Therefore, the effect is unlikely to be caused by the generation of a proton electrochemical gradient (interior positive and/or acid) secondary to downhill lactose/H + symport (32) . In conclusion, the findings presented here support and extend previous conclusions regarding dynamic aspects of LacY derived from the use of a wide variety of biochemical/biophysical approaches. Taken as a whole, the following conclusions seem justified: (i) whether in the native bacterial membrane or as the purified protein in DDM, the predominant population of LacY is in an inward-facing conformation with a cavity open to the cytoplasm and a tightly packed periplasmic side, a model similar to that obtained by x-ray diffraction; and (ii) sugar binding in wild-type LacY induces opening of a hydrophilic periplasmic cavity and closing of the cytoplasmic cavity.
Experimental Procedures
Materials. TMRM (T-6027) was obtained from Molecular Probes, Invitrogen Corp. ImmunoPure immobilized monomeric avidin was obtained from Pierce. All other materials were reagent grade and obtained from commercial sources.
Plasmid Construction. All plasmids encoding single-Cys mutants in the Cys-less LacY background with a C-terminal biotin acceptor domain were constructed as described (20, 21) .
) transformed with plasmid pT7-5 encoding a given mutant was grown aerobically at 37°C in LB containing ampicillin (100 μg/mL). Fully grown cultures were diluted 10-fold and grown for another 2 h. After induction with 1 mM isopropyl 1-thio-β-D-galactopyranoside for 2 h, cells were harvested and used for the preparation of RSO membrane vesicles.
Preparation of RSO Membrane Vesicles. RSO membrane vesicles were prepared from E. coli T184 expressing a specific mutant by lysozyme-EDTA treatment and osmotic lysis (33, 34) . The vesicles were resuspended to a protein concentration of 10 mg/mL in 100 mM potassium phosphate (KP i ; pH 7.2)/10 mM MgSO 4 , frozen in liquid nitrogen, and stored at −80°C until use.
Labeling with TMRM. Labeling with TMRM was carried out following a protocol developed previously (20, 21) with minor modifications. RSO membrane vesicles [0.1 mg of total protein in 50 μL 100 mM KP i (pH 7.2)/10 mM MgSO 4 (RSO buffer)] containing a single-Cys mutant or single-Cys LacY purified from the same amount of RSO membrane vesicles as described below, were incubated with 40 μM (vesicles) or 4 μM TMRM (purified LacY) in the absence or presence of 10 mM TDG at 0°C. At given times, DTT (10 mM, final concentration) was added to terminate the reaction. The vesicles then were solubilized in 2.0% DDM, and biotinylated LacY was purified by immobilized monomeric avidin Sepharose chromatography. Purified proteins (10 μL out of a total of 50 μL) were subjected to SDS/PAGE.
The wet gels were imaged directly on an Amersham Typhoon 9410 Workstation (λ ex = 532 nm and λ em = 580 nm for TMRM). The gels then were silver stained to quantify protein.
Fluorescent signals from TMRM labeling or silver-stained LacY bands were quantified by determining the density and area of each band by using ImageQuant (Molecular Dynamics, GE Healthcare Bio-Sciences Corp). Maximum TMRM labeling at 20 or 60 s, as indicated, was calculated by dividing the TMRM signal by the protein signal, which was then normalized to 100%. TMRM labeling at each time point was divided by the protein concentration for that sample and expressed as a percentage of the maximum TMRM labeling. Each set of data was fit by using a linear regression program. The slope of the fit data was used to estimate the relative initial rates of TMRM labeling. For each mutant, the ratio of the estimated initial rate of TMRM labeling in the presence of TDG relative to that observed in the absence of TDG then was calculated. The error bars represent the SEM for three samples at each of the times given. (Fig. 1) was performed with 40 μM TMRM (RSO membrane vesicles) or 4 μM TMRM (with purified proteins in DDM) for given times at 0°C in the absence of TDG (−TDG; blue ◆) or were preincubated for 10 min with TDG before addition of TMRM (+TDG; pink ■). Relative TMRM labeling rates were calculated as described in Experimental Procedures. The data are plotted relative to the 20-s points in the absence of TDG.
